ABSTRACT Plants, as sessile organisms, need to sense and adapt to heterogeneous environments and have developed sophisticated responses by changing their cellular physiology, gene regulation, and genome stability. Recent work demonstrated heritable stress effects on the control of genome stability in plants-a phenomenon that was suggested to be of epigenetic nature. Here, we show that temperature and UV-B stress cause immediate and heritable changes in the epigenetic control of a silent reporter gene in Arabidopsis. This stress-mediated release of gene silencing correlated with pronounced alterations in histone occupancy and in histone H3 acetylation but did not involve adjustments in DNA methylation. We observed transmission of stress effects on reporter gene silencing to non-stressed progeny, but this effect was restricted to areas consisting of a small number of cells and limited to a few non-stressed progeny generations. Furthermore, stress-induced release of gene silencing was antagonized and reset during seed aging. The transient nature of this phenomenon highlights the ability of plants to restrict stress-induced relaxation of epigenetic control mechanisms, which likely contributes to safeguarding genome integrity.
INTRODUCTION
Previous findings from animals suggest that adaptation at the genome level involves variations in the control of epigenetic imprints in response to environmental cues, which can be short-lived or persistent, resulting in their transmission into subsequent generations (Weaver et al., 2004; Anway et al., 2005; Rando and Verstrepen, 2007) . It is well documented in plants that adverse environmental conditions cause long-term effects on genome stability, leading to heritable alterations in genome structure (Cullis, 1986; Ries et al., 2000; Kovalchuk et al., 2000; Takeda et al., 2001; Lucht et al., 2002; Kashkush et al., 2003) . In Arabidopsis, for example, stress-induced genetic instability is transmitted to non-stressed daughter generations, which was suggested to arise as a consequence of an altered epigenetic status affecting the somatic recombination machinery (Molinier et al., 2006; Boyko et al., 2007; Lukens and Zhan, 2007) . More recently, however, this view has been challenged by another report, suggesting that transgenerational stress effects are not a general response in Arabidopsis and may occur in a rather stochastic manner (Pecinka et al., 2009) . Moreover, direct evidence for a heritable impact of stress on the epigenetic status in plants has not been provided so far. We therefore determined activity and epigenetic status of a transcriptionally silenced GUS transgene (TS-GUS) together with that of silent endogenous loci in stressed Arabidopsis populations (Morel et al., 2000; see Methods) .
We demonstrate that temperature and UV-B stress resulted in an immediate release of gene silencing of the transgene as well as of endogenous loci. Transcriptional reactivation correlated with changes in chromatin conformation and histone acetylation, but was not associated with pronounced alterations in cytosine methylation. Stress effects on the control of transgene silencing were heritable, but limited to areas of a small number of cells, restricted to only two progeny generations and could further be antagonized and reset by seed aging. Our findings demonstrate a transient transgenerational impact of stress on epigenetic regulatory mechanisms, which highlights the ability of plants to balance the tolerance of epigenetic relaxation to induce diversity and to safeguard genome integrity.
RESULTS

Abiotic Stress Alleviates Silencing of TS-GUS
To determine the impact of adverse environments on the control of transgene silencing, we analyzed effects of abiotic stress on the activity of TS-GUS (Supplemental Table 1 ). Both UV-B radiation and extreme temperatures resulted in a strong reactivation of TS-GUS activity (Figure 1 ), reflected in large GUSpositive areas specifically after 1 week of recovery from stress treatments. By contrast, only small GUS-positive areas could be observed in non-stressed control plants (Figure 1) .
The elevated levels of TS-GUS activity correlated with a pronounced transcriptional induction of the transgene as determined by qRT-PCR analysis (Figure 2A ). In line with the observation that various stresses induce the TS-GUS transgene, we found that several silent endogenous transposable elements including LINEs and TSI (for TRANSCRIPTIONALLY SILENT INFORMATION; Steimer et al., 2000) exhibited a pronounced alleviation of gene silencing upon stress treatment ( Figure  2A-2C ). These findings indicate that environmental cues can modify the epigenetic status of a silent transgene as well as of endogenous loci. Persistent alterations in the expression status of silenced loci have been correlated with adjustments in their DNA methylation pattern (Vaillant and Paszkowski, 2007) . However, a systematic analysis of the methylation status of the TS-GUS locus and of LINEs did not reveal any pronounced changes in symmetric (CG and CHG) and asymmetric Blue areas indicate alleviation of TS-GUS silencing, which is very pronounced in response to heat and UV-B stress ctr.: non-stressed individuals in the same developmental stage. Arrow indicates GUS-positive organs that developed after stress application. Bar = 2 mm. (A) qRT-PCR performed on TS-GUS plants in the stressed S0 generation and in non-stressed S1 progeny. Transcript levels of TS-GUS and of a non-LTR retrotransposon (LINE039) show a significant increase in the S0 but not in the S1 generation. Expression levels were normalized to non-stressed controls (ctr). Standard deviations are indicated as bars. Similarly, transcript levels of TSI (B) and of additional non-LTR retrotransposons ((C); LINE018, LINE118, LINE315) show a significant increase in the S0 but not in the S1 generation.
(CHH) cytosine methylation, under conditions when transcription of these loci was drastically induced ( Figure 3A and Supplemental Figure 1) . Similarly, analysis of global cytosine methylation of the Arabidopsis genome did not reveal significant alterations in response to our temperature stress conditions (Supplemental Figure 2) . Taken together, these findings demonstrate that transcriptional reactivation of silent loci upon stress treatment does not necessarily correlate with prominent variations in DNA methylation.
In further experiments, we asked whether alterations in histone modifications might correlate with stress-mediated release of TS-GUS silencing and with activation of silent LINEs. No stress effects on global histone acetylation could be detected in Western blots performed with chromatin derived from stressed and control plants (Supplemental Figure 3) . We therefore analyzed chromatin directly at specific loci. To this end, chromatin was precipitated from UV-B-, heat-stressed, and control TS-GUS plants by using antibodies specific for histone H3 and some of its post-translational modifications. Normalization of histone H3 precipitated from stressed and control samples to the corresponding input fraction revealed a reduction of histone H3 at TS-GUS and LINE039 specifically in heat-stressed samples, suggestive of a less condensed chromatin conformation ( Figure 3B and Supplemental Figure 4) . Assessment of histone H3 acetylation revealed a dramatic increase in the numbers of these chromatin modifications that are typically associated with actively transcribed loci ( Figure 3B and Supplemental Figure 4 ; Berger, 2007) . Remarkably, heat and UV-B stress triggered distinct, locus-specific effects on histone acetylation, with heat stress causing an increase in the amounts of histone H3 acetylated at lysine 9 (H3K9ac1) or at lysine 9 and 14 (H3K9/14ac2), whilst UV-B predominantly affected H3K9ac1 levels ( Figure 3B and Supplemental Figure 4 ). In comparison to the dramatic changes of histone acetylation, levels of activating and repressive forms of histone H3 methylation at TS-GUS and LINE039 showed only minor changes or remained unchanged in response to stress ( Figure 3B and Supplemental Figure 4 ).
Our findings indicate that stress-induced variations in histone acetylation correlate with a release of TS-GUS silencing. To identify genetic determinants involved in the control of TS-GUS activity, we introduced the transgene into plants deficient for the histone deacetylase HDA6, which exhibits defects in transcriptional gene silencing and in environmentally controlled variations of chromatin conformation (Aufsatz et al., 2002; Probst et al., 2004; Tessadori et al., 2009 ). We observed a pronounced increase in reporter activity in rts1-1 (a likely hda6 null allele; Aufsatz et al., 2002) , providing a genetic link between the control of histone acetylation and the transcriptional status of TS-GUS ( Figure 3C ).
Limited Inheritance of Stress-Induced Release of TS-GUS Silencing
To investigate whether stress-induced release of TS-GUS silencing can be transmitted to non-stressed daughter generations, three successive generations were analyzed for transgene reactivation. When we compared the progeny of stressed and of non-stressed parental plants, we observed an increased number of small areas of cells showing GUS activity, indicating a less stringent control of the silenced status of TS-GUS in the progeny of stressed plants ( Figure 4A , 4C, and Supplemental Tables 1  and 2 ). The F1 progeny of reciprocal crosses, in which gametes of stressed wild-type parents were combined with those of nonstressed TS-GUS plants, also exhibited a significant increase in TS-GUS reactivation frequency ( Figure 4B and Supplemental Figure 5 ), demonstrating that changed TS-GUS activity is controlled by inherited, stress-modulated trans-acting factors.
The increased number of GUS-positive areas remained detectable for only up to two progeny generations not exposed to stress. In the third generation, the number of GUS staining areas was comparable to control plants ( Figure 4C ). Moreover, transcript levels of either TS-GUS or endogenous LINEs were similar in the progeny of stressed and non-stressed parental plants (Figure 2 ), further suggesting that on the whole-plant level, heritable stress effects are limited and that most somatic cells do not exhibit a compromised control of gene silencing.
Heritable Release of Gene Silencing Is Antagonized by Seed Aging
Our results provide evidence for environmental parameters heritably affecting the status of an epigenetic read-out in higher plants. However, in contrast to the pronounced responses that we observed in plants directly after stress exposure, heritability of these effects was limited. We therefore searched for regulatory switches that might restrict the inheritance of stress effects on TS-GUS activity. The lifecycle of Arabidopsis involves a stage of seed dormancy, characterized by a shutdown of most metabolic activities, to endure environments unfavorable for germination (Finkelstein et al., 2008) . To test for a potential influence of this resting stage on transgenerational stress effects, we scored TS-GUS activity in S1 and S2 plants germinated either immediately or several months after seed harvest (see Methods and Supplemental Tables 1 and 2) . These experiments revealed that heritable effects of UV-B and temperature stress on TS-GUS reactivation reproducibly declined in dependence on the duration of seed storage ( Figure 4D and 4E). Collectively, these findings further demonstrate the ability of plants to restrict stress-induced relaxation of epigenetic control mechanisms, which likely contributes to safeguarding genome integrity.
DISCUSSION
Environmental cues induce changes in metabolism, energy allocation, and growth (Beana-Gonzalez, 2010) that are partially caused through epigenetic reprogramming and result in shortor long-lived changes of transcriptional states (Takeda et al., 2001; Liu et al., 2009; Alexandre et al., 2009) . Stress induces the reactivation of silent transposable elements, which, in the case of subsequent transposition, results in heritable effects on genome stability and on endogenous gene expression (Takeda et al., 2001; Kashkush et al., 2003) . In addition, more recent results show that environmental stress promotes genetic instability by heritable epigenetic effects on the plant somatic recombination machinery (Molinier et al., 2006; Boyko et al., 2007) and on the activity of epialleles (Lukens and Zhan, 2007) . Thus, transgenerational effects of stress on epigenetic regulation can affect the control of genome stability in multiple ways and consequently play a relevant role in adaptive evolution by creating genetic diversity (McClintock, 1984; Rando and Verstrepen, 2007) .
This study addresses immediate and heritable effects of abiotic stresses, such as high and low-temperature stress and UV-B irradiation, on the epigenetic regulation of the silent TS-GUS transgene locus (Morel et al., 2000) . Our results reveal strong immediate but limited heritable stress effects on the control of plant gene silencing: in the stressed generation, the silent TS-GUS transgene as well as endogenous silent transposons were transcriptionally reactivated. Although strong with respect to its initial amplitude, the reactivated state persisted only transiently and was eventually reversed in tissue formed after stress treatments in the recovery phase (Supplemental Figure 6) . Alleviation of TS-GUS silencing was associated with prominent changes in histone acetylation but not paralleled by changes in DNA methylation. Such persisting cytosine methylation, which is inherited over mitotic cell divisions, could serve as a platform for the recruitment of histone-modifying factors that mediate the re-establishment of silent chromatin resulting in re-silencing in recovered tissue after stress conditions cease (Bird and Wolffe, 1999; Fuks et al., 2003; Li et al., 2006) . However, our findings indicate that a stress-mediated increase in histone acetylation is sufficient to transiently overrule the silenced status of even hypermethylated loci, such as TS-GUS or LINEs. We cannot rule out that transient changes in DNA methylation occur at some point during the stress treatments and are important for the establishment of transcriptional reactivation. For heat-stressed plants, however, methylation and expression data were obtained from plants without a recovery phase directly after stress (see Methods), which would leave only a very narrow time frame for transient demethylation and subsequent reestablishment of methylation.
Our results with regard to stress-mediated increase in histone acetylation levels are consistent with a previous report demonstrating an increase of histone H3 lysine 9 acetylation at stress-responsive promoters under drought stress conditions (Kim et al., 2008) . Similar observations have been made with regard to UV-B effects on histone acetylation and chromatin remodeling in maize and Arabidopsis (Casati et al., 2008; Cloix and Jenkins, 2008) . Moreover, the importance of histone acetylation states for plant acclimation and stress tolerance has been highlighted (A) TS-GUS activity (arrows) on rosette leaves of non-stressed progeny (G1, left; S1, right) derived from UV-B stressed (S0) and non-stressed (G0) parental plants. Bar = 0.5 mm. (B) TS-GUS reactivation in F1 plants of reciprocal crosses, for which one parent has been exposed to UV-B stress. Asterisks indicate a significant difference (p , 0.05) between the progeny of these crosses and the F1 progeny derived from crosses performed with non-stressed parents (= 100%). (C) Quantitative comparison of TS-GUS reactivation in the progeny of stressed plants (S1-S3). All values are normalized to GUS-positive areas of same-generation, non-stressed controls grown and scored in parallel (six). UV-B and freezing stress caused a significant increase in GUS reactivation in the S1 and S2 progeny, which was no longer detectable in the S3 generation. In heat-stressed plants, a significant increase in TS-GUS reactivation was observed in the S2 generation, which was no longer detected in the S3 generation. Asterisks indicate a significant difference (p , 0.05) between the progeny of stressed plants and their respective non-stressed controls (= 100%). (D, E) Seed age correlates with resetting of TS-GUS reactivation in the S1 (D) and the S2 (E) generation. Asterisks indicate a significant difference (p , 0.05) when comparing TS-GUS activity in seedlings scored immediately after seed harvesting with TS-GUS activity in seedlings after seed storage for the time periods indicated. All values are normalized to GUS-positive areas of non-stressed controls (G1 and G2) grown in parallel (= 100%).
by a recent report demonstrating that mutants in HOS15, a likely constituent of repressive histone deacetylase complexes, are hypersensitive to freezing temperatures (Zhu et al., 2008) .
In non-stressed progeny, heritable stress effects resulted in a significant increase in small areas showing GUS activity. These areas are restricted to a few neighboring cells, which might reflect a single reactivation event that is clonally inherited or the coordinated response of adjacent cells to positional cues. The small area size suggests that this failure of TS-GUS silencing occurs late in development and argues against the inheritance of an active TS-GUS epiallele from previous stressed generations, which would be expected to result in much larger areas (Stam, 2009) . Consistently, reciprocal crosses of non-stressed TS-GUS plants and stressed wild-type plants also exhibit an elevated number of GUS-positive areas in the F1 generation. This suggests that the observed heritable stress effects on TS-GUS are mediated by one or more trans-acting factors that are modulated upon stress exposure to affect TS-GUS silencing in non-stressed progeny. Our data show that the histone deacetylase HDA6 could represent one of those trans-acting determinants that might impinge on the epigenetic status of TS-GUS and of endogenous loci as well. In this context, it is remarkable that besides its role in the control of histone acetylation, HDA6 also acts as a transducer of environmental signals on overall chromatin organization (Tessadori et al., 2009 ). Similar to the role of histone deacetylases in promoting flowering (vernalization; Bond et al., 2009 ) and in mediating salt and drought tolerance (Sridha and Wu, 2006) , it seems possible that a stressful environment modulates expression or selectivity of HDA6 and additional constituents of epigenetic integrity. This could account for a less stringent control of the epigenetic status, which then is reset in remote progeny generations of stress-exposed plants. Our results are consistent with findings by Molinier and coworkers, who demonstrated heritable effects of both abiotic and biotic stresses on somatic homologous recombination (SHR; Molinier et al., 2006 ). Yet, we observed that heritable stress effects on epigenetic markers are highly restricted, which is in line with a recent report demonstrating a limited heritable impact of abiotic stress on SHR (Pecinka et al., 2009 ). Similar to TS-GUS, silencing of several tested LINE elements was relaxed upon stress treatment. Thus, it seems possible that heritable stress effects on LINE expression are also manifested in progeny plants.
Epigenetic memory-namely the inheritance of epigenetic effects into subsequent generations-has been demonstrated in flies (Maurange and Paro, 2002) as well as in mammalian cells (Feng et al., 2006) and seemingly arises as a result of an incomplete erasure of epigenetic marks during gametogenesis and/or embryogenesis. Likewise, our results suggest that epigenetic modulation of the TS-GUS silencing machinery resists reversion in both the plant male and female germline to a certain extent. However, we also found that the observed heritability of TS-GUS reactivation is highly sensitive to resetting at another stage of plant development during seed aging. Epigenetic regulation plays an essential role during seed development (Zhang and Ogas, 2009) . In this context, resetting mechanisms could act via pathways establishing seed dormancy (Finkelstein et al., 2008) or via the germination-coupled repair of double-strand DNA breaks that accumulate in aged seeds (Costa et al., 2001) . Such resetting of stress-mediated effects resembles transgenerational reprogramming in gametes of non-plant organisms, which is essential for implementing developmental programs during embryogenesis (Youngson and Whitelaw, 2008) and, recently, similar effects have been described for plants (Jahnke and Scholten, 2009) . By analogy, a mechanism, acting in the erasure of stress-induced epigenetic memory allows modulation of its inheritance to progeny, which could be essential for safeguarding plant genome integrity in subsequent generations. Nevertheless, the nature of mechanisms by which stress could reversibly affect inheritance of epigenetic states remains to be determined.
METHODS Plant Material and Growth Conditions
The homozygous Arabidopsis thaliana line L5 (ecotype Columbia) harbors multiple copies of a transcriptionally silenced 35Spro::GUS marker gene (TS-GUS; Elmayan et al., 1998; Morel et al., 2000; Probst et al., 2004) . Wild-type Arabidopsis plants (Columbia accession) were used to determine the effects of stress treatments on plant phenotypes. S1 plants are defined as the non-stressed progeny of stress-exposed S0 plants. S2 and S3 plants correspond to the subsequent non-stressed generations. G1, G2, and G3 correspond to non-stressed control generations that were analyzed in parallel to the stressed populations.
Eight to 10-day-old in vitro grown plants were transferred to soil and cultivated further until stress treatment. Stress treatments were administered before bolting on 3-week-old plants. For plied to plants during their entire vegetative growth phase. After stress application, plants were returned to pre-stress growth conditions for seed production. For each stress condition, a minimum of 50 S0 plants was generated. Dry seeds were harvested and stored either at 4°C or at room temperature.
Semi-Quantitative Scoring of Somatic Reactivation of Transcriptional Gene Silencing
Somatic reactivation of TS-GUS in stressed S0 plants was determined by GUS staining (Jefferson et al., 1987) of whole rosettes, either directly after stress or after 1 week of recovery. For UV-B and freezing stress, this was done after 1 week of recovery, for heat stress directly after stress. Non-stressed controls (G0) were stained in parallel. Reactivation frequencies in the progeny of stressed plant populations (S1, S2, S3) and non-stressed controls (G1, G2, G3) were quantified by counting GUS-positive (blue) areas under a dissecting microscope. For UV-B stress, 11-15-day-old in vitro cultivated seedlings were scored, whereas for temperature stress, we used leaves of 3-week-old soil-grown plants. Since TS-GUS reactivation frequencies can only be compared within individual experiments, and to account for variations of the histochemical GUS assays, the number of GUS-positive areas was normalized (6SE) to those in non-stressed controls and their progeny (G0, G1, G2, G3) that were grown and scored in parallel. Two or three biological repetitions were performed for each stress experiment. On average, 40-60 plants were scored for each dataset in the individual experiments (Supplemental Table 1 ). Statistical analysis was performed with a Student's t-test, and p , 0.05 was used as the threshold for significance.
Analysis of GUS and LINE Expression by qRT-PCR
Expression analysis was done with plant material harvested after 1 week of recovery (UV-B, freezing stress) or directly after stress (heat stress) along with material from non-stressed control plants. Total RNA from Arabidopsis leaves was isolated with the NucleoSpin RNA plant kit (Macherey-Nagel). 900 ng of total RNA were reverse transcribed with RevertAid M-MuLV reverse transcriptase (Fermentas). qPCR was performed on a Biorad iQ5 cycler with 15-ll reactions that were set up using the SensiMix Plus SYBR Kit and Fluorescein (Peqlab). The primers used for the amplification of portions of GUS and of different transposons are denoted in Supplemental  Table 3 . ROC3 (At2g16600) was used as a reference gene for temperature-stressed material, UBC21 and UBC28 (At5g25760, At1g64230) for UV-B stressed material. Primer sequences are given in Supplemental Table 3 . All reactions were done in quadruplicate. Normalized fold expression of GUS and transposon ORFs was calculated with the iQ5 optical system software Version 2.0 according to the method of Pfaffl (2001) . PCR efficiencies were calculated from serial dilutions of the cloned amplicons that were run in parallel with the samples. Normalization to multiple reference genes (UV-B stressed material) followed the algorithm of Vandesompele et al. (2002) .
Quantitative Analysis of DNA Methylation and Histone Acetylation
Analysis of DNA methylation and histone acetylation was performed with plant material harvested after 1 week of recovery (UV-B, freezing stress) or directly after stress (heat stress) along with material from non-stressed control plants. For bisulfite sequencing, genomic DNA was isolated with the DNeasy Plant Midi Kit (Qiagen), according to the manufacturer's instructions. 2.5 lg of DNA were digested with XbaI and Cfr42I overnight in 100 ll and subsequently purified with the Wizard SV Gel and PCR Clean-Up System (Promega). 500 ng of pre-cut DNA were bisulfite-treated according to the instructions of the EpiTect Bisulfite Kit (Qiagen). As a control for complete conversion, exon 15 from the PHAVOLUTA locus (At1g30490) that lacks methylated cytosines was analyzed (Bao et al., 2004; Reinders et al., 2008) . For this, at least five clones were sequenced per pool of bisulfite-treated DNA. In all cases, conversion of the control locus ranged between 99 and 100%. All PCR amplifications from bisulfite-treated DNA were performed with nested primer pairs, which are designated F1/ R1 and F2/R2 in Supplemental Table 3 . PCR conditions for amplifying the analyzed loci are available upon request. The final PCR products were cloned into the pGEM-Teasy vector (Promega) and subjected to sequencing. For the tested loci, 20 individual clones were analyzed by sequencing and methylation data were assessed using CyMATE (Hetzl et al., 2007) . Quantification of global cytosine methylation was performed by using HPLC as described previously (Rozhon et al., 2008) . For global histone acetylation analysis, a previously described histone-enriched protein extraction procedure was employed (Yan et al., 2007) . Western blotting was performed with the following antibodies according to the instructions of the provider: unmodified histone H3 ChIP grade (ab1791; Abcam), histone H3 acetyl K9 ChIP grade (ab10812, Abcam), and histone H3 acetyl K9/K14 (06-599, Millipore).
ChIP was performed as described previously (Huettel et al., 2006) . Immunoprecipitation was performed with the following antibodies: rabbit serum for mock IP (R9133; Sigma), unmodified histone H3 ChIP grade (ab1791; Abcam), histone H3 trimethyl K4 ChIP grade (04-745; Millipore), histone H3 dimethyl K9 ChIP grade (ab1220; Abcam), histone H3 monomethyl K27 ChIP grade (gift from T. Jenuwein, MPI of Immunobiology, Freiburg, Germany), histone H3 acetyl K9 ChIP grade (ab10812, Abcam), and histone H3 acetyl K9/K14 (06-599, Millipore). To test for enrichment of TS-GUS in the respective chromatin IPs with antibodies specific for unmodified and modified histone H3 compared to mock IP, qPCR was performed on a Biorad iQ5 cycler with 15-ll reactions that were set up using the SensiMix Plus SYBR Kit and Fluorescein (Peqlab). The primers used to amplify a fragment including upstream control regions and part of the GUS open reading frame are depicted in Supplemental Table 3 . Data for unmodified histone H3 were normalized to Input (% Input), while those for the different H3 modifications were normalized to unmodified histone H3 (% H3), respectively. 
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